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E-mail address: tewﬁk.soulimane@ul.ie (T. SoulimCation diffusion facilitators (CDFs) have been described as requiring the C-terminal cytoplasmic
domain for their function. With the identiﬁcation of smaller proteins lacking the cytoplasmic por-
tion but displaying sequential characteristics of CDFs, this assumption should be reconsidered. Here
we describe the results showing that the MmCDF3, a 23-kDa protein lacking a C-terminal domain,
interacts selectively with zinc and cadmium. Isothermal titration calorimetry (ITC) binding results
indicate that the truncated CDFmay have an alternative means of acquiring ions from the cytoplasm
in the form of an extended N-terminus, a feature common to putative cation efﬂux proteins of a
similar size.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Zinc is an essential micronutrient for the proper growth of
microbial cells. It is responsible for maintaining the integrity of
ribosomes, double-stranded DNA and, in Gram-negative bacteria,
the cell wall [1]. Zinc has been found to be required for proteins
of all classes in both prokaryotes and eukaryotes [2], with zinc-
binding proteins being estimated to account for 10% of the human
proteome [3]. Due to the number of proteins with which zinc has a
function, an intracellular imbalance in zinc levels can have an anti-
microbial action. In the case of excess zinc within the cell, it has
been suggested that zinc binds to the membrane, extending the
time the cell spends in the lag phase of the growth cycle and, as
a result, delaying cell division [4]. It is, therefore, essential that
the cell has the means to remove a zinc surplus. The ubiquitous
cation diffusion facilitator (CDF) family of integral membrane
transporters is found in both prokaryotes and eukaryotes [5], and
is part of the zinc regulatory system functioning to remove zinc
ions from the cytosolic space or mediate their transport from the
cytoplasmic space to intracellular organelles [6]. The CDF family
was initially identiﬁed as a group of transporters for Zn2+ and
Co2+; however, they have also been shown to interact with otherchemical Societies. Published by E
al & Environmental Sciences,
letroy, Limerick, Ireland. Fax:
ane).divalent cations including Ni2+, Mn2+, Cd2+ and Fe2+ [7]. To date,
all studies regarding the transport mechanism of CDFs indicate
that they function as H+-linked antiporters [8–10].
Originally, all described CDF proteins exhibited a common
architecture, consisting of a transmembrane domain (TMD) of six
helices and a cytoplasmic C-terminal domain (CTD). Recently,
however, a truncated protein displaying the common features of
CDFs, including the highly conserved active site, has been identi-
ﬁed [11]. This protein, termedMmCDF3, has been shown to display
all the typical sequential traits of the CDF family; however, its
function has yet to be deﬁned. Due to the variety of potential sub-
strates for any CDF, isothermal titration calorimetry (ITC) has been
employed to identify the substrates for different CDF family mem-
bers in the past [12,13]. ITC measures the absorbance or release of
heat associated with the addition of a ligand solution to a protein
solution [14], providing information on the binding constants for
a reaction in addition to the energies associated with the bindings
[15]. Hence, the use of ITC enables the establishment of a speciﬁc
protein afﬁnity to a variety of substrates.
Despite a full-length crystal structure for the Escherichia coli
CDF, YiiP [16,17], and two crystal structures for the CTD of the
more classical CDF family members [18,19], there is still no deﬁned
mechanism for their function. Therefore, in order to gain a better
understanding of their mode of action, further functional studies
are required. Here we present an in-depth analysis of the ability
of MmCDF3 to bind divalent metal cations as measured by ITC. Thislsevier B.V. All rights reserved.
D. Russell, T. Soulimane / FEBS Letters 586 (2012) 4332–4338 4333could further our understanding of transmembrane ion transport
in proteins lacking CTD.
2. Materials and methods
2.1. Cloning the mmcdf3 gene
The mmcdf3 gene (GenBank ID Q0AM69) was ampliﬁed by PCR
using Phusion DNA polymerase (Finnzymes) from genomic DNA of
Maricaulis maris DSM 4729 (DSMZ). As there were a large amount
of modiﬁcations to the 50 end, involving the addition of a TEV
cleavage site and a glycine linker to facilitate this cleavage, PCR
was done in two stages, with two separate forward primers;
mmcdf3polyglyf (50-GGTGGTGGTGGTGGTAGTTGTTGCCCGAGC-
GACC-30) andmmcdf3tevf (50-ATATAGGATCCGGAAAATCTTTATTTTC
AAGGTGGTGGTGGTGGTGGTAGTTGTTGC-30) were used in succes-
sive PCRs, respectively, with gel puriﬁcation of the ﬁrst PCR prod-
uct before commencing with the second reaction. For both PCR
stages, the reverse primer used was mmcdf3r (50-GCGCGAAGCTTT-
TACGCTTCTCCTGGGTTGGC-30). The restriction sites within the
primers are marked in italics, the TEV cleavage site is in bold and
the sequence complementary to its template is underlined. The ﬁ-
nal product was BamHI/HindIII cloned into the pETDuet-1 expres-
sion vector (Novagen) yielding pETDuet-1/MmCDF3TEVHis. In-
frame cloning into pETDuet-1 yields an N-terminally His-tagged
MmCDF3, simplifying detection and puriﬁcation. The ﬁnal clone
was conﬁrmed by DNA sequencing.
2.2. Expression and puriﬁcation of MmCDF3
The expression and puriﬁcation of MmCDF3 was performed as
described for the C-terminally His-tagged protein lacking the TEV
recognition site [11]. For this study, however, TEV protease was re-
quired and, therefore, was expressed using E. coli Rosetta (DE3)
pLysS transformed with the plasmid pET-28a TEV S219N, N68D,
I77V, T17S and puriﬁed as described in [20]. TEV protease was
stored in 25 lM aliquots (10 ll) at 80 C after ﬂash-freezing in li-
quid nitrogen.
MmCDF3 was concentrated to 50 lM to reduce the sample vol-
ume. DTT and EDTA were added to ﬁnal concentrations of 5 mM
and 2 mM, respectively. TEV protease was introduced at 1 lM (ﬁ-
nal concentration) and the reaction was left overnight at 20 C,
after which TEV protease was removed from the MmCDF3 sample
by subtractive IMAC. The ﬂowthrough containing MmCDF3 was
collected, concentrated to 50 lM and stored at 80 C after ﬂash
freezing in liquid nitrogen.
2.3. Protein quantitative and qualitative analyses
Protein samples were analyzed for purity on 16% SDS–PAGE. For
determination of the presence of the His-tag before and after TEV
cleavage, Western Blotting was employed with monoclonal anti-
polyhistidine-peroxidase antibody (Sigma–Aldrich Cat. #A7058).
Protein concentration was determined by absorbance spectroscopy
at 280 nm (Nanodrop spectrophotometer ND-1000) using an
extinction coefﬁcient as determined by the ProtParam bioinfor-
matics tool (e = 30730 M1 cm1; http://web.expasy.org/ProtPa-
ram) and using the BCA method.
2.4. Isothermal titration calorimetry
The ITC experiments were performed at 25 C on a MicroCal™
iTC200 isothermal titration calorimeter (GE Healthcare). Divalent
ion sources (chloride salts of zinc, iron and potassium and a sulfate
salt of cadmium) were dissolved in the SEC buffer (50 mM Tris–Cl,pH 8.0 and 0.03% DDM) to ﬁnal ionic concentrations of 500 lM.
Titrations were carried out with MmCDF3 concentrations between
40 and 50 lM, stirring at 1000 rpm with a ﬁlter time constant of
2 s. The titrant (metal ions) was added in 1 ll injections every
90–120 s. Negative controls were performed by performing the
injections into the SEC buffer, resulting only in signals from heat
of salt dilution. The ITC data was analyzed using the Microcal Ori-
gin software (GE Healthcare).
2.5. Functional complementation assay
According to the method described recently by Goswami et al.
[13], E. coli GG48 was transformed with pTTQ18-mmcdf3 plasmid
and single colonies were incubated overnight at 37 C in 5 ml LB
broth as a seed culture. 25 ml of LB broth was then inoculated to
a ﬁnal OD600 of 0.05. IPTG was then added to a ﬁnal concentration
of 0.2 mM and the cultures were grown in varying ZnCl2 concentra-
tions (0–800 lM) at 30 C. After 12 h the OD600 of the cultures was
measured to determine the E. coli GG48 growth. A control experi-
ment was run with E. coli GG48 containing pTTQ18 plasmid with-
out insert. E. coli Top 10 was also tested without plasmid to
determine the zinc tolerance of wild type E. coli.
3. Results and discussion
3.1. Puriﬁcation of MmCDF3 for ITC analysis
Histidine is well known to bind divalent metals, including nick-
el, cobalt and zinc, and is consequently exploited for IMAC. Hence,
after puriﬁcation of MmCDF3 by IMAC and SEC, it was necessary to
remove the His-tag from the N-terminus of the protein using TEV
protease. The cleaved protein was further puriﬁed by subtractive
IMAC. The purity and tag removal of MmCDF3 was conﬁrmed by
SDS–PAGE andWestern Blot (Fig. 1). The protein could also be con-
verted into a homogenous form by means of a detergent exchange
in a 4:1 M ratio of DDM: FC12 (Fig. 1C).
3.2. Titrations of MmCDF3 with zinc ions
The energetic effect of the addition of zinc to MmCDF3 was
measured using ITC (Fig. 2). In the presented ﬁgures, the top sec-
tions represent the raw data collected from the titrations. The low-
er sections consist of a plot of the integrated heat per mole of
titrant as a function of the molar ratio of titrant to MmCDF3.
The DH proﬁle for zinc binding shows a negative slope followed
by a positive trend approaching zero. The negative portion of this
curve is indicative of an endothermic reaction, as can be seen in
the raw data proﬁle (Fig. 2A, upper section), in which the positive
spikes consistently follow the shown negative bands. By further
analysis of the energetics of this section of the curve, the enthalpy
change (DHo) was determined to be 3.21 ± 0.22 kcal/mol and the
entropy change (DSo) was 38.5 cal/mol/deg with a binding constant
(Ka) of 1.16 ± 0.09 lM1. This positive DH value is strongly indica-
tive of an endothermic reaction as it implies that the system is
absorbing energy. By contrast, the DSo value cannot provide much
insight to the reaction as, when introducing low molecular weight
ligands, this can be a positive ﬁgure simply as a result of desolva-
tion of the cation and the ligands coordinating groups [21]. This
positive value can be attributed to desolvation of the cation and
the coordinating groups of the ligand [13].
The stoichiometry of this binding indicated that 0.48 ± 0.01 zinc
ions would bind per protomer. When establishing protein concen-
tration, the monomeric molecular weight was used. Since all stud-
ied members of the CDF family including MmCDF3 function as
homodimers, it can be assumed that the stoichiometric values
Fig. 1. (A) SDS–PAGE and (B) Western blot analysis of TEV cleavage of MmCDF3. (C) Gel ﬁltration for non-aggregated MmCDF3. Labels: (M) marker (BC) protein before
cleavage (AC) protein after cleavage and removal of TEV protease. Relevant sizes are labeled for the molecular weight marker.
Fig. 2. ITC analysis of zinc binding to MmCDF3 (A) without a His-tag and (B) with a His-tag. (A) Shows an endothermic reaction followed by an exothermic one but in the
presence of (B) a His-tag, these effects are completely obscured. The solid line in (A) represents the least squares ﬁtting of the binding isotherm.
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ﬁgure of the true values for the protein. Therefore, at this particular
binding site, a single zinc ion binds per dimeric protein.
The second binding site displayed a characteristic exothermic
binding pattern with a stoichiometric value of 1.03 ± 0.04, or two
zinc ions per protein. Based on the structure of YiiP [12], it is likely
that this set of binding sites is comprised of the active sites, in
which a single zinc ion is tetrahedrally coordinated in each pro-
tomer. The Ka value for this site was calculated as 0.45 ±
0.16 lM1. The DHo was measured as 5.61 ± 0.53 kcal/mol and
the DSo was 6.96 cal/mol/deg. Both the proﬁle and DHo values con-
ﬁrm that this reaction is exothermic.The ﬁndings of two binding sites is interesting, but not surpris-
ing. In the absence of the conserved ‘‘B’’ site and cytoplasmic ‘‘C’’
sites seen in YiiP (Fig. 3A) [16], the protein must have an alterna-
tive means for uptaking zinc from the cytoplasmic space. In a se-
quence alignment with YiiP, MmCDF3 is seen to have a slightly
extended cytoplasmic N-terminus that contains several residues
capable of interacting with zinc (speciﬁcally Cys3, Cys4, Asp7 and
Asp11, MmCDF3 numbering). The pair of Cys residues was found
to be conserved across all CDF proteins lacking the cytoplasmic tail,
and all of those analyzed were found to contain at least one more
residue in this N-terminal region capable of binding zinc (Fig. 3B).
These smaller CDF proteins showed large levels of conservation,
Fig. 3. (A) Structure of E. coli CDF YiiP [16] and (B) structure-based sequence alignment of short-length CDF proteins and YiiP. (A) Sites A–C are marked with zinc ions. (B) The
residues capable of binding zinc that are positioned before the ﬁrst transmembrane helix are highlighted in green. The highly conserved active site (site A in Fig. 3A) is in bold
and underlined. Highly conserved regions within the truncated CDF proteins are highlighted in red. Transmembrane helices as deﬁned by the YiiP structure are displayed
above their respective locations. The second zinc binding site (B) within YiiP, formed by interhelical loops, is also displayed.
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brane helices II and V (>75% identity between any two proteins
across more than ﬁfty analyzed truncated CDFs; Fig. 3B only shows
a representative sample of a sequence alignment consisting of nine
CDFs). This extended N-terminus may provide the means by which
the smaller CDF proteins acquire zinc. Since the binding data show
that only one zinc ion binds per protein, it is likely that the N-ter-
mini are structurally positioned so that two residues from each
protomer interact to form a coordination site.
The comparison of the binding data for MmCDF3 with YiiP [12]
and Aq2073 (from the hyperthermophilic bacterium Aquifex aeoli-
cus) [13] provides an interesting view into the binding of Zn2+ by
CDF proteins. The Ka values for both sets of binding sites for each
of the three proteins vary quite signiﬁcantly. In addition, the nat-
ure of the binding at the sites is inconsistent. For YiiP, the ﬁrst
binding set is exothermic, followed by an endothermic binding
for the second set of sites [12]. Aq2073, in contrast to both
MmCDF3 and YiiP, is stated to have a strictly endothermic binding
of zinc for both sets of sites. This may be due to differences in the
residues comprising the binding sites or the conformational
changes induced by metal-binding, but further binding data for dif-
ferent CDF proteins is required to achieve a conclusion for this
unusual behavior. Stoichiometrically, Aq2073 and YiiP have equiv-alent binding to each other, and MmCDF3 has considerably less,
although this is not unexpected due to the absence of the cytoplas-
mic tail. It should be noted that the three different CDFs are native
to organisms that are found in very different environments and
that this may play a role in the differences in the binding data.
To highlight the importance of cleaving the N-terminal His-tag,
titrations were performed without the TEV cleavage of the protein
(Fig. 2), maintaining all experimental parameters as before. The
presence of the His-tag has a considerable effect on results, with
a signiﬁcant increase in the energy released with the introduction
of zinc. Furthermore, there is no endothermic binding visible and
the titration never approaches a point of saturation, leading to
the conclusion that the His-tag completely inhibits the binding of
zinc to the coordination sites within MmCDF3.
3.3. Titrations of MmCDF3 with cadmium ions
The binding of cadmium is notably different to that observed
with zinc, consisting of an entirely exothermic proﬁle (Fig. 4). Ini-
tial analysis of the cadmium binding suggested that only a single
set of binding sites was present. However, the appearance of a brief
plateau suggests the presence of two sets. A similar occurrence can
be seen with Cd2+ binding to YiiP [14], where it is suggested that a
Fig. 4. ITC analysis of (A) cadmium binding to MmCDF3 and (B) zinc binding in the presence of cadmium. (A) Cadmium displays only exothermic binding, but the presence of
a plateau indicates two sets of binding sites. The solid line represents the least squares ﬁtting of the binding isotherm. (B) Cadmium and zinc appear to compete for the same
sites due to cadmium presence inhibiting the binding of zinc completely.
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ing to the conclusion that two sites are present. Based on the minor
plateau visible at a stoichiometric equivalence point of 0.41 ± 0.02
(equivalent to 0.82 ± 0.04 cadmium ions per protein) for MmCDF3.
This result, being close to unity, suggests a similar interaction to
YiiP and forms the basis for the discussion herein for their afﬁnity
values.
The model ﬁtting for the ﬁrst site had a greater error level due to
the reduced number of points. A single cadmium ion bound per pro-
tein at this site with a Ka value of 1.98 ± 1.0 lM1. The DHo for the
bindingwas1.11 ± 0.07 kcal/mol and theDSowas calculated to be
24.9 cal/mol/deg. The binding constant for this site suggests that
cadmium has twice the afﬁnity for this site than zinc does. The sec-
ond set of sites had signiﬁcantly more points and, therefore, any er-
ror was minimized with a signiﬁcantly better ﬁt to the model. The
stoichiometry for the binding was found to be 2.22 ± 0.02 cadmium
ions per protein, considered as two for stoichiometric purposes. The
binding constant at these sites was 0.14 ± 0.04 lM1, with a DHo of
2.35 ± 0.50 kcal/mol and DSo of 15.65 cal/mol/deg.
For the ﬁrst site, as with zinc, it can only be possible for such a
site to exist at a point where two coordinating residues from each
protomer meet. It is probable that this is at the N-terminus as
well, as there are four potential coordination residues in each pro-
tomer in this region. Because the zinc binding is endothermic and
the cadmium binding is exothermic, it appears that different resi-
dues are involved in each binding. The second binding site has
comparable results to the exothermic zinc binding. Since, the
two bindings are very similar stoichiometrically, it can be con-
cluded that both occur at the active site, as described earlier. Thissite shows a threefold greater afﬁnity for zinc than for cadmium.
Table 1 summarizes the binding parameters of Zn2+ and Cd2+ to
MmCDF3.
Preliminary testing has been performed to observe the effect of
cadmium binding on the binding of zinc. The protein sample of
MmCDF3 was added at 50 lM to the sample cell with 100 lM
Cd2+. The twofold higher Cd2+ concentration saturates all the bind-
ing sites in the protein. Titration with zinc was then performed as
before (Fig. 4). The results showed that no signiﬁcant binding oc-
curs, indicating that cadmium and zinc compete for binding at
the same sites. While it was assumed that the ions would compete
with each other for the active site, it is interesting to note that with
cadmium present, even the endothermic binding of zinc is inhib-
ited. Based on the assumption that the N-terminus is the region
in which the ions bind, it is likely that although they probably do
not share the exact same coordinating residues, the presence of
cadmium restricts the access of the zinc ion to its site. This also fur-
ther supports the original conclusion of cadmium binding at two
locations, because the binding of cadmium at a single set of sites
is unlikely to completely restrict zinc binding.
3.4. Selectivity of MmCDF3 ion binding
In order to conﬁrm that MmCDF3 does not transport monova-
lent cations, K+ ions were used as titrant in the form of KCl
(Fig. 5). The data for K+ binding showed no signiﬁcant signals
throughout the experiment, with the only heat being produced
due to the dilution of the KCl. It can be conﬁrmed that K+ ions do
not interact with MmCDF3 (as a substrate) and it is highly unlikely
Table 1
Binding parameters of metal ions to MmCDF3.
Titrant Protein + binding site n Ka (lM1) Kd (lM) DH (kcal/mol) DS (cal/mol/deg)
ZnCl2 MmCDF3 site 1 0.48 ± 0.01 1.16 ± 0.09 0.865 3.21 ± 0.22 38.5
MmCDF3 site 2 1.03 ± 0.04 0.45 ± 0.16 2.25 5.61 ± 0.53 6.96
CdCl2 MmCDF3 site 1 0.41 ± 0.02 1.975 ± 1.0 0.506 1.11 ± 0.07 24.9
MmCDF3 site 2 1.11 ± 0.01 0.142 ± 0.038 7 2.35 ± 0.5 15.65
Fig. 5. ITC analysis of (A) K+ binding and (B) Fe2+ binding to MmCDF3. Both cations appear to have no signiﬁcant interaction with MmCDF3, thereby showing the selectivity of
MmCDF3.
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the protein.
As MmCDF3 has a 22% sequence identity and 46% similarity to
the integral membrane domain of YiiP that was not signiﬁcantly
different to its identity with ZitB or any other CDF protein, its func-
tion as a potential iron transporter was probed. Acidiﬁed FeCl2 was
used to generate the divalent metal ions. As with the K+ ions, no
signiﬁcant binding could be seen for iron (Fig. 5). Similarly, binding
of Co2+ was analyzed because CDFs were originally identiﬁed as
transporters of zinc and cobalt; however the results were negative
for binding (data not shown).
As a result of bioinformatics analysis and pull down experi-
ments (data not shown), to the best of our knowledge a potential
cytoplasmic domain corresponding to the truncation in MmCDF3
is not encoded on the M. maris genome. We propose here a mech-
anism for metal ion binding for a CDF lacking the CTD, in which the
two cytoplasmic N-termini (speciﬁcally the aforementioned Cys
and/or Asp residues) act as the initial binding site. Based on the
proposed mechanism of function for YiiP [17], this binding causes
a shift in the helical alignment of the protein, which in turn drivestransport of the zinc towards the active site (as highlighted in
Fig. 3B, three highly conserved Asp residues and a conserved Cys)
and subsequent export from the cell. MmCDF3 displays a tetrahe-
dral active site, much like YiiP, making it unlikely to bind any diva-
lent metal except cadmium and zinc, as shown. This tetrahedral
coordination is a geometry associated with Zn2+ and Cd2+, but
unsuitable for the binding of metals such as Fe2+, Mg2+ or Co2+ [18].
3.5. In vivo functionality of MmCDF3 as a CDF transporter
E. coli GG48, a zinc sensitive strain [22], was utilized to conﬁrm
that MmCDF3 was capable of zinc-efﬂux activity. GG48 has been
made highly sensitive to zinc through deletion of the zinc trans-
porters ZntA and ZitB which should be reduced with the introduc-
tion of MmCDF3 to the strain. The assay was performed with three
different E. coli strains (Top 10, GG48 with MmCDF3 and GG48
with empty pTTQ18 vector) as described in materials and methods.
The results presented in Fig. 6 clearly demonstrate that
MmCDF3 increased the zinc tolerance of GG48 while the negative
control showed a rapid reduction in growth after 200 lM,
Fig. 6. Complementation assay of MmCDF3 graph demonstrating the survival rate
of GG48 in both the presence and absence of MmCDF3 and of E. coli top 10 cells.
MmCDF3 allows the zinc sensitive strain to survive at zinc concentrations of up to
550 lM, granting approximately a twofold increase in zinc tolerance.
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ence of MmCDF3, the GG48 remains tolerant to zinc until approx-
imately 550 lM, after which there is a notable increase in
sensitivity. Although the tolerance MmCDF3 provided is not as sig-
niﬁcant as that described by the classical YiiP-like CDFs [13], it can
still be seen to provide resistance to zinc toxicity in the GG48 strain
and, so, it is capable of zinc efﬂux activity.
4. Conclusions
In this study, we have obtained a signiﬁcant amount of evidence
on MmCDF3 as a CDF protein and its function. The selectivity of the
binding is a strong indicator that MmCDF3 is a CDF protein with
substrates of zinc and cadmium. Despite testing other substrates,
it appears to be only capable of interacting with these metals.
Based on the tetrahedral nature of the coordinating residues com-
prising the active site, it is unlikely that other metals would inter-
act. Our results clearly demonstrate that MmCDF3 has two
different sets of binding sites and implicate a secondary method
of obtaining the divalent metal cation from the cytoplasmic space
despite lacking the cytoplasmic CTD. Further structural studies of
both the more classical CDF proteins and these newly discovered
truncated forms, in correlation with site-directed mutagenesis,
would yield additional mechanistic data for this family of proteins.
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